Introduction
The use of potent induction agents and maintenance immunosuppression has substantially decreased the risk of acute rejection. One year graft survival is greater than 92% in deceased donor and 96% in living donor transplant recipients with current immunosuppressive strategies according to the Scientific Registry of Transplant Recipients, (SRTR, 2009) .
Half life appears to be the best way to give the patient a general understanding of how long their transplant may last. The graft half life for deceased donor transplants has increased from 6.6 years in 1989 to 8.8 years by 2005. Significant progress has also been made in high risk transplants where graft half life has improved from 3 years in 1989 to 6.4 years in 2005 for expanded criteria donor recipients. For the standard low risk patient receiving a living donor kidney, current immunosuppression should guarantee a graft half life of at least 11.9 years. [1] However, the problems of chronic rejection and chronic allograft dysfunction still remain, often leading to graft loss and shortened long-term graft survival. [2] The 5 and 10 year adjusted graft survival for deceased donor transplants were 70% and 43% respectively. The adjusted 5 year and 10 year graft survival for living donor transplant were 82% and 60% respectively. (SRTR, 2009) Humoral rejection and sensitized patients continue to be a clinical challenge. The management and clinical impact of subclinical rejection also remains unclear. Although there are numerous clinical trials testing different immunosuppressive strategies, a lack of large prospective randomized clinical trials has decreased our ability to generate consensus on the best immunosuppressive strategies for preserving long-term allograft function. This chapter will focus on reviewing multiple aspects of immunosuppressive therapy, such as; 1) mechanism of action, 2) how therapies are being utilized in practice, 3) the advantages and/or disadvantages of different therapies and 4) major clinical trials evaluating the effectiveness of specific regimens. New emerging strategies and therapeutic agents that are being investigated will also be discussed.
Induction agents
The goal of induction therapy is to suppress both cellular and humoral responses to prevent episodes of acute rejection. Rabbit anti-thymocyte globulin (rATG), IL-2 receptor blockers, and Alemtuzumab (Campath), are the primary antilymphocyte antibody preparations that are currently used for induction. More than 80% of the transplant centers in the United States use induction agents immediately post transplantation. [3] The specific agent utilized is often based on multiple factors which include recipient risk for rejection, recipient race, presence of chronic infections such as Hepatitis B or C, HIV, and center preference. See Table 1 . for common induction agents.
Thymoglobulin
Thymoglobulin (rATG) is the most commonly used induction agent in United States. (rATG), is an antilymphocyte polyclonal antibody that is derived by injecting rabbits with human thymocytes. rATG contains polyclonal cytotoxic antibodies mainly targeted against various epitopes on human T lymphocytes and works primarily by complement mediated depletion of T lymphocytes. However, the multiple specificities of rATG against a broad range of T-cell antigens can affect multiple pathways involved in T-cell trafficking, adhesion, activation and promotion of certain T-cell subsets that may be more favorable for transplantation such as Tregulatory cells. [4] [5] [6] Although primarily a T-cell directed agent, the development of humoral responses which are dependent on T-cell help are likely compromised by rATG as well.
Side effects
Secondary to potential infusion reactions and other toxicities, administration of rATG requires patient monitoring and is administered in an inpatient setting or in an established infusion center. The typical dose is 1.5mg/kg/dose and involves 3-5 doses of rATG, depending on center protocols.
The antibodies in rATG can bind to proteins on the surface of granulocytes as well as platelets and hence leucopenia and thrombocytopenia are commonly encountered after rATG administration. Cytopenias are handled either by dose reduction or holding the dose. Despite premedication, infusion reactions do occur including fevers, chills and arthralgias. Serious reactions such as anaphylaxis, acute respiratory distress syndrome (noncardiogenic pulmonary edema) occur rarely. Typically these reactions are a result of intense cytokine release from lysis of T lymphocytes. Since rATG is obtained from rabbit sera, serum sickness can occur which presents with fever, malaise, diffuse arthralgias and rash. rATG results in prolonged T cell depletion, up to 6 months post administration and recipients are at increased risk for opportunistic infections and lymphoma. Patients are typically prophylaxed for cytomegalovirus infection and pneumocystis carinii infection post rATG administration.
Alemtuzumab
Alemtuzumab or Campath is a recombinant humanized monoclonal antibody directed against CD52. It binds to CD52 receptor on the surface of T and B lymphocytes leading to antibody mediated cell lysis. CD52 is present on virtually all B and T cells as well as macrophages, NK cells and some granulocytes. It was initially approved for use in B-cell lymphocytic leukemia and is now used in transplantation. Alemtuzumab induces a rapid and profound depletion of peripheral and central lymphoid cells. It is typically administered as a single 30 mg dose either subcutaneously or intravenously. Just like rATG patients receive premedication to prevent infusion reactions. When used as an induction agent it is given intraoperatively. Single dose administration makes Campath a more convenient option to administer compared to rATG which is typically administered daily for 3-5 days.
Side effects
Potential side effects include thrombocytopenia, vomiting, diarrhea, headache and rarely autoimmune hemolytic anemia. Infection and lymphoma risk is similar to rATG, and patients are similarly prophylaxed for potential infections.
IL-2 receptor blockers (IL-2RA)
IL-2 receptor blockers, Basiliximab (Simulect) and daclizumab (Zenapax) are humanized anti-CD25 monoclonal antibody preparations. They are targeted against the α-chain (CD25) of the IL-2 receptor. Rather than working by lymphocyte depletion, these agents block IL-2 signaling which is required for T-cell growth, differentiation and expansion. Because both agents are derived from mice and partly humanized, they cause far less infusion reactions compared to rATG. Daclizumab is currently not available for use in United States. Basiliximab is used in the U.S. and is typically administered as 20mg intravenous infusion intraoperatively with subsequent doses given on the third or fourth post operative day. Neither drug has major side effects. Risk of infection and lymphoma is far less than that of lymphocyte depleting agents.
Which induction agent?
According to the annual report from SRTR 2009, 83% of transplant recipients received induction agents at the time of kidney transplant. The majority of patients received a T-cell depleting agent, 58%, and 21.2% received an IL-2 receptor blocking agent.
How agents are used in practice is dependent on a number of factors which range from center specific protocols to tailored immunosuppression based on recipient factors. The risks and benefits of each agent must be assessed in every patient individually based on the individuals' immunologic risk and susceptibility to infectious complications. Induction agents clearly possess different mechanisms of action that will have different effects on modulating cellular and humoral immune responses. It may be more advantageous to use more potent induction therapies such as the lymphocyte depleting agents, in those recipients at higher risk for rejection. On the other hand, utilizing such agents may be of concern in recipients with chronic infections such as hepatitis B and/or C or HIV. [7] [8] [9] [10] Lymphocyte depleting agents such as rATG and Alemtuzumab primarily differ in their ability to deplete specific types of leukocytes. rATG contains polyclonal antibodies directed at thymic antigens and is more T-cell directed, and has little direct effect on B-cell depletion. Alemtuzumab contains a specific monoclonal antibody against CD52 which is expressed by both T and B cells as well as antigen presenting cells (APCs). The effect of Alemtuzumab mechanistically is directed at disabling several arms of the immune response, such as cell mediated (T-cell responses) and humorally mediated (B-cells) responses, as well as affecting antigen presenting cells.
Existing studies however, fail to show greater efficacy of Alemtuzumab compared to rATG in clinical trials. However, case series and other small trials speak of the benefit of utilizing Alemtuzumab in refractory rejection, and in instances of mixed rejection where an agent with activity against both cell mediated and humoral responses are required. Finally, both Alemtuzumab and rATG are agents of choice in patients that are considered higher risk such as African American race, repeat renal transplant, and sensitized patients with high panel reactivity to multiple HLA antigens.
The IL-2 receptor blocker, Basiliximab (Simulect), provides an option for induction therapy in those recipients with history of chronic infections with hepatitis B and or C and HIV, as Simulect is associated with less infectious complications post-transplant compared to lymphocyte depleting agents. Less immunosuppression is also an attractive option for those patients who may not require potent induction therapy, such as recipients that are older, Caucasian, and those receiving living donor kidneys. When compared to lymphocyte depleting agents, clinical trials suggest more acute rejection episodes with IL-2RA. [11] Utilizing data from the United Network For Organ Sharing Data Registry, a recent study examining a large cohort of HIV recipients demonstrated higher risk of DGF and death censored graft loss with IL-2 receptor agents. [12] HIV patients also have higher rates of acute rejection with one recent study reporting a 31% incidence at one year. [7] Questions remain as to whether this is driven in part by choosing a less potent induction agent such as Simulect or issues with achieving therapeutic levels and/or avoiding toxic levels of maintenance drugs that interact with many anti-retroviral HIV medications. Thymoglobulin has been used in HIV recipients but can lower the CD4+ cell count dramatically, with recovery occurring as far out as two years. [13] Thymoglobulin use in HIV has also been associated with increased risk of infections requiring hospitalizations. Clearly, more studies are needed to weigh the risks and benefits of IL-2 receptor blockers on long-term graft function and post-transplant infectious complications.
Comparison of induction agents; clinical trials
A study by Terasaki et al analyzed the various induction immunosuppression strategies used across centers in the United States [3] . From 2003 onwards, the majority of centers were utilizing Simulect, rATG or Alemtuzumab. According to the OPTN database, recipients who received alemtuzumab had the lowest risk of graft failure, followed by rATG and basiliximab. However, the benefit of one induction agent over the other is not entirely clear because conclusions from small single center studies and retrospective studies utilizing database reviews are often mixed. In addition, studies may be difficult to evaluate secondary to different maintenance regimens that are used after induction.
Larger randomized trials and multicenter trials have been conducted and generally demonstrate that cell-depleting agents are generally more efficacious than IL2RA induction. [3] In a randomized controlled trial, rATG was superior to IL2RA in preventing acute rejection in recipients with high-immunologic risk, and with standard criteria donor kidneys. Two prospective randomized trials demonstrated rATG was superior to basiliximab in preventing biopsy proven acute rejection in standard criteria donor kidney recipients. When comparing Alemtuzumab to rATG, studies are mixed. In a separate single center randomized trial comparing alemtuzumab with rATG induction, Farney et al have shown that alemtuzumab is superior to rATG in preventing biopsy proven acute rejection. [14] However, in a larger randomized multicenter study (INTAC), Hanaway et al compared induction therapy with alemtuzumab to conventional induction (basiliximab or rATG). At one year post transplant, the incidence of biopsy proven acute rejection was lower in the alemtuzumab arm compared to basiliximab induction in low immunologic risk recipients. However in the high immunologic risk recipients, alemtuzumab was as efficacious but not superior to rATG.
Induction agents in sensitized patients
Rituximab (Rituxan) is used in the following clinical scenarios; 1) ABO incompatible or positive cross match transplantation, 2) treatment of antibody mediated rejection and 3) desensitization by decreasing titers of preformed alloantibodies prior to transplantation. [15] [16] [17] It is an anti-CD20 monoclonal antibody directed against the CD20 antigen present on naive B-cell lymphocytes. It creates a rapid and sustained depletion of circulating naive B cells for approximately 6 months. Because of its specific activity against B-cells, Rituxan is used to target the humoral arm of the immune response by limiting B-cell activity and antibody production. Although widely used in transplantation, the efficacy of this drug when compared with other newer agents in treating humoral responses and decreasing alloantibody production remains to be seen.
Eculizumab, is an anti C5 antibody which leads to terminal complement blockade and prevents formation of the membrane attack complex. Eculizumab protects allografts from complement mediated injury which occurs when pathogenic alloantibodies directed against donor allograft tissue activate complement. Although not widely used yet, the Mayo Clinic published an open label study demonstrating that blockade of terminal complement decreases antibody mediated rejection in sensitized patients and allows for positive crossmatch transplantation to occur. Eculizumab reduced antibody mediated rejection (AMR) to 7.7% compared to historical control groups where the incidence of AMR was 30-40% in the first few months. [18] Compared to long-standing protocols widely used for sensitized patients (e.g, plasmapharesis, IVIG and Rituximab), Eculizumab looks more promising in decreasing AMR rates.
Bortezomib, is a proteasome inhibitor that has specific activity against high affinity antibody producing plasma cells (PC), and induces apoptosis of circulating PC (a small percentage of the PC population) but in addition is able to effect PC that remain in survival niches such as the bone marrow and spleen. [19] Besides affecting the humoral arm, Bortezomib has multiple effects on immune cell function. Proteosome inhibition prevents the function of NFκB, an important transcription factor that transcribes multiple genes important for immune cell function and disrupts the regulation of cell cycle proteins, cell survival signals and expression of adhesion molecules. [20, 21] In transplantation it is used to treat refractory antibody mediated rejection as well as to reduce the burden of preformed alloantibodies to facilitate transplantation of highly sensitized individuals. Studies and case series evaluating the use of Bortezomib for desensitization and treatment of acute rejection have been mixed. [22] [23] [24] [25] Although used by some centers, it has not been widely adopted into practice.
Maintenance immunosuppression
Maintenance therapy is used to prevent acute rejection and promote long term graft survival. Conventionally, combinations of 2-3 drugs with different mechanisms of action targeting various immune responses are used. Maintenance regimens vary according to the center, immunological risk of the patient, and individual susceptibility to adverse reactions. The introduction of calcineurin inhibitors (CNI) together with anti-proliferative agents like mycophenolate mofetil has resulted in major improvements in acute rejection rates and short term graft survival over the last three decades in kidney transplant recipients. However, long term graft outcomes have not improved dramatically, partly because of nephrotoxicities associated with the long term use of these drugs. In the year 2009, the initial maintenance regimen for 81% of kidney transplant recipients included tacrolimus and mycophenolate mofetil, per SRTR report, 2009. At one year post transplantation, 72.1% of the kidney transplant recipients remained on tacrolimus and mycophenolate moefetil and only 5.3% were receiving cyclosporine and mycophenolate mofetil. See Table 1 for common maintenance agents.
Although the majority of US centers utilize CNI in combination with mycophenolate moefetil for maintenance, different dosing strategies for CNI, as well as new agents are being explored. A recently FDA approved medication for use in renal transplant, Belatacept, may have a promising role in widescale maintenance immunosuppression in the future. The basic pharmacology, clinical uses, major drug interactions and toxicity profiles of commonly used and new maintenance agents will be discussed in this section.
Calcineurin inhibitors
Since their introduction in the 1970s, CNI have been the fundamental agents used for maintenance immunosuppression in solid organ transplantation. They played a revolutionary role in transplantation by dramatically reducing the incidence of acute rejection episodes and prolonging allograft survival post-transplant. Cyclosporine and tacrolimus are the available CNI preparations with both having a unique role in maintenance. Currently, tacrolimus is more widely used compared to cyclosporine primarily because there is less nephrotoxicity associated with tacrolimus. Based on recent SRTR reporting, the use of cyclosporine has declined from 66.3% in 1998 to 5.7% in 2009. Notably the use of tacrolimus has increased from 25.9% to 87.8%.
Mechanism of action of CNI
The target protein of both tacrolimus and cyclosporine is CNI which is a calcium-dependent phosphatase. This enzyme is ubiquitously expressed and associates with calmodulin to form an active enzyme complex that dephosphorylates and activates the transcription factor, nuclear factor of activated T cells (NFAT), after T-cell receptor signaling. Dephosphorylated NFAT can then translocate to the nucleus and initiate transcription of several key cytokine genes (e.g., IL-2, IL-4, TNF-and IFN-γ). Blockade of calcineurin leads to decreased NFAT activity and transcription of critical cytokines affecting T cell function, activation and proliferation. Both these drugs bind to cytoplasmic proteins to mediate their action. Cyclosporin binds to cyclophilin, while tacrolimus binds to FKBP-12.
Clinical use
Recommended starting dose for tacrolimus is 0.15-0.30 mg/kg, while that of cyclosporine is 6-10 mg/kg. For both drugs, total dose is administered in two divided doses. Intravenous dosing is 1/3 rd of the total oral dose, administered as a continuous 24 hour infusion. Patient variability in drug kinetics can be attributed to the heterogeneity of metabolic activity of the enzyme responsible for calcineurin metabolism; the liver enzyme, CYP3A. In general, African Americans may require higher doses of tacrolimus, whereas patients with liver disease and elderly patients may need lower doses. Because of wide patient variability in metabolism, therapeutic drug monitoring is routinely performed with these agents. Most centers check a 12 hr trough level prior to the morning dose. More sophisticated monitoring with area under the curve (AUC) measurements is available but is not routinely performed because of technical and clinical difficulties. During the first 3 months post transplant, our center aims for a 12 hr tacrolimus trough in the range of 8-12 ng/dl, followed by a level of 6-10 ng/dl for months 4 to 12. After the first year, we reduce tacrolimus dosing aiming to achieve maintenance levels of of 4-6 ng/dl. For cyclosporine, a 12 hour trough of 250-350 mg/dl are maintained for the first few months and then target levels are gradually decreased. After the first year post transplantation the usual cyclosporine trough is between 100-200mg/dl. Targeted drug ranges vary across centers and are driven by center protocols that take into account patient risk, type of induction used and the strength of other agents used for maintenance.
Metabolism of CNIs and major drug interactions
Both tacrolimus and cyclosporine are metabolized by cytochrome P450 (CYP3a) enzymes that are located in the GI tract and liver. Both drugs are excreted in bile so dosage adjustment is not needed in renal insufficiency. Many medications are metabolized by P450 system and therefore many potential and significant drug interactions with CNI can occur. Classes of drugs that induce CYP3a can reduce CNI levels, such that increased dosing may be required to reach therapeutic and adequate ranges. On the other hand, drugs that block the action of CYP3a can lead to increased levels of CNI, which can lead to acute nephrotoxicity among other side effects. Specific blood pressure medications, antibiotics, anti-fungals, anti-convulsants and HIV medications need to be reviewed for p450 interactions, and both CNI and medications need to be adjusted accordingly. Commonly used medications that affect P450, and the subsequent impact on CNI levels are shown in Table 2 .
Agents that are not often considered in practice, but having an effect on CNI include, steroids which when withdrawn can lead to increases in drug levels of CNIs, and binders such as cholestyramine and sevelamer which can bind CNIs and prevent absorption leading to sub therapeutic levels. Grape fruit juice increases absorption of tacrolimus and hence it is generally recommended to avoid its use with CNIs. Several herbal medications can also alter the metabolism of these drugs.
Because of the sensitive interactions between CNI and antiretrovirals, mangagement of CNI in HIV recipients can be challenging. CNI toxicity and supra therapeutic levels of CNI are common issues in HIV recipients and most likely contributes to allograft dyfunction. Reduced dosing of Tacrolimus is required with some protease inhibitors, particularly Ritonavir, the most potent blocker of CYP3A, and is dosed once to twice a week as opposed to the normal twice a day dosing. One of the most significant side effects of CNIs is nephrotoxicity which contributes to chronic allograft dysfunction and late allograft loss. Acute CNI toxicity is functionally mediated by vasoconstriction of the afferent arteriole leading to reduction in renal blood flow and glomerular filtration rate. Studies demonstrate that CNI increases renin production in the kidney leading to angiotensin II mediated vasoconstriction. [26] Chronic exposure can lead to prolonged vasoconstriction and acute tubular necrosis. Chronic CNI nephrotoxicity can mediate vascular injury, glomerular ischemia, tubular atrophy and chronic interstitial fibrosis. Basic studies do demonstrate that excess production of fibrosing cytokines like transforming growth factor beta (TGF-β) is in part driven by CNI direct role on renin secretion in the kidney. [27] The development of calcineurin minimization and withdrawal protocols as well as the development of new maintenance agents are an attempt to prevent/minimize CNI nephrotoxicity and its impact on long-term allograft survival.
Other adverse renal manifestations of CNIs include thrombotic microangiopathy, which presents with renal dysfunction, microangiopathic hemolytic anemia and thrombocytopenia. CNI can also cause isolated tubular toxicity which manifests in many forms of electrolyte disturbances. The most prominent and clinically significant of these are renal tubular acidosis (RTA) type 4 (typically associated with metabolic acidosis and hyperkalemia) and hypomag-nesemia. Proposed mechanisms mediating this effect includes, decreased aldosterone production secondary to cyclosporine, as well as decreased transcription and expression of mineralocorticoid receptor due to prograf.
Since calcineurin is a ubiquitous enzyme, there are other non-renal toxicities associated with CNI use. Tacrolimus is associated with neurotocity, GI side effects and pancreatic islet toxicity. Neurotoxicity can be as benign as tremors, but in some cases can be quite severe and lead to seizures and altered mental status. Finally, Tacrolimus use has been associated with posterior reversible encephalopathy syndrome (PRES) which can present with various neurological manifestations. [28] Another important clinical issue is the development of new onset posttransplant diabetes, or worsening diabetes post-transplant, particularly with tacrolimus. Neuro and pancreatic toxicity of tacrolimus are clinically handled by either dose reduction or conversion to cyclosporine. Cyclosporine use however can cause gingival hyperplasia, hirsutism, hypercholesterolemia, hypertension, salt retention and an increased incidence of gout. Both CNIs have been linked to increased risk of infectious complications as well as post transplant malignancies. Differences in adverse effects among the CNIs as well as other maintenance agents are shown in Table 3 .
The current challenge is to mitigate the side effects of CNIs without sacrificing overall graft outcomes. Several novel protocols are recently designed and studied to overcome CNI toxicity.
We have summarized these in the section of new evolving protocols.
Mycophenolate mofetil
Mycophenolate mofetil (MMF) is a maintenance immunosuppressant used often in combination with CNIs and steroids. MMF was introduced in 1995 and has largely replaced azathioprine in transplantation, as clinical trials showed superiority of MMF when compared to azathioprine. [29] Based on a recent SRTR report in 2009, MMF was part of the initial maintenance regimen in 89.9% of kidney transplant recipients.
Mechanism of action
Mycophenolate mofetil is an inactive prodrug with mycophenolic acid (MPA) being its active component. The mofetil entity significantly increases bioavailability of MPA. There is an enteric coated form of MPA also available for use that may be better tolerated in some patients. MPA is a selective, reversible inhibitor of inosine monophosphate dehydrogenase (IMPDH) which is the rate-limiting enzyme in the denovo synthesis of purines. T-and B-lymphocytes are more dependent on this pathway than other cell types for proliferation since they do not have a salvage pathway for purine synthesis. Moreover, MPA is a more potent inhibitor of the type II isoform of IMPDH, which is predominatly expressed in activated lymphocytes.
Clinical use
MMF was initially approved for standard dose administration of 1 gram twice daily in adult kidney transplant recipients. Therapeutic drug monitoring for MMF/MPA is not performed routinely since several factors can impact the MPA AUC (detailed in the section below). Recent studies however have shown an association between MPA exposure and clinical outcomes (rejection and toxicity) and therapeutic drug monitoring (TDM) in certain circumstances may be warranted. [30] [31] The APOMYGRE study has shown decreased incidence of acute rejection with individualized MMF dosing based on drug exposure. [32] When a serious infection develops, MMF or MPA is typically held since the drug's impact on lymphocyte proliferation is reversible and the immunosuppressive effects disappear within a few days. Intravenous formulations are available for MMF and intravenous dosing is the same as oral dosing with 1:1 conversion. Dose adjustment is not necessary in renal insufficiency. These drugs are not dialyzable. Use of MMF in pregnancy is contraindicated since it is associated with congenital malformations in the fetus especially facial abnormalities. [33] Mycophenolate should be discontinued before planned pregnancy in both male and female transplant recipients.
MMF exposure and metabolism
Mycophenolate moefetil is rapidly absorbed and hydrolysed to yield the active component MPA mainly in the liver, which is detectable in peripheral blood within 1-2 hours. MPA is then converted to 7-0-MPA glucuronide also referred to as MPAG (an inactive metabolite) by UDPglucuronosyl transferase (UDPGT) in the liver and intestine. MPAG is excreted through the bile and urine. Both MPA and MPAG are protein bound. So factors such as low albumin concentration and high urea levels can decrease protein binding and lead to rapid clearance of the drug. MPAG accumulation in renal failure displaces MPA from protein binding and can lead to an increase in the free fraction of the drug. Once MPAG is excreted in the bile it can be converted back to MPA by bacterial glucuronidases and lead to increased levels of MPA (enterohepatic recirculation). This leads to a second peak in the drug concentration 6 to 12 hours after administration which contributes to more than 30% of the area under the curve. Cyclosporine leads to inhibition of this second peak by blocking the transporters involved in biliary excretion of MPAG. So typically patients on cyclosporine need higher doses of MMF or MPA compared to patients on tacrolimus. Antibiotic therapy is also known to have a similar impact by inhibiting bacterial proliferation in the gut and hence inhibiting enterohepatic recirculation.
There is no significant drug interaction with medications that induce or block the CYP3A pathway. When used in combination with sirolimus both agents can lead to cytopenias. Generally co administration with antacids and cholestyramine should be avoided as they interfere with absorption of MMF.
Toxicity
The main dose limiting toxicity of MMF or enteric coated MPA is related to gastrointestinal (GI) side effects. More than one third of patients develop diarrhea and in addition some patients have nonspecific GI intolerance in the form of dyspepsia, nausea and vomiting. Indeed, there is evidence demonstrating a correlation between drug exposure and GI toxicity.
[31] Most of these side effects are handled with either dose reduction or splitting the dose into 3 to 4 divided doses. Although patients may tolerate enteric coated MPA better, studies curiously do not demonstrate major differences in the GI side effect profile of MMF and enteric coated MPA. [34] Another major side effect of these preparations is bone marrow suppression mainly manifesting with leucopenia. Typically the dose of MMF is reduced based on the severity of leucopenia. There appears to be a correlation between the incidence of leucopenia and drug exposure. [31] Anemia and thrombocytopenia can occur as well.
Azathioprine
Azathioprine (Imuran) has been in use in transplantation for more than three decades. With introduction of CNIs and MMF, many centers have moved away from using azathioprine as a first line maintenance agent. SRTR reports from 2009 demonstrate that only 0.6% of the kidney transplant recipients were on Azathioprine. It is commonly used now primarily in patients who are intolerant to MMF. Usual daily dose administered is 2-3 mg/kg once daily.
Mechanism of action, metabolism and major drug interactions
Azathioprine is an antimetabolite a derivative of 6-mercaptopurine. It gets incorporated into cellular deoxyribonucleic acid (DNA). Once incorporated into DNA it interferes with transcription, purine and ribonucleic acid (RNA) synthesis which are important for T cell activation. Azathioprine is metabolized by xanthine oxidase inhibitor to 6-thiouric acid. Hence allopurinol which is a xanthine oxidase inhibitor should be used with great caution with azathioprine as it can lead to significant toxicity. Typically the dose of azathioprine is reduced when used in combination with allopurinol.
Adverse drug reactions
The single most severe toxicity of azathioprine is related to suppression of bone marrow. Patients can develop profound leucopenia and thrombocytopenia. It is recommended to monitor white count and platelet count carefully every 2 weeks at initiation. The dose of the drug will need to be decreased if leucopenia occurs and severe leucopenia might necessitate discontinuation of the drug. Cholestasis, hepatic veno occlusive disease, hepatitis and rare cases of pancreatitis have been described with azathioprine use.
Sirolimus
Sirolimus (Rapamycin) was introduced to transplantation in the late 1990s. It has antitumor, antiproliferative and immunosuppressive actions. Sirolimus plays a key role in immunosuppression especially as an alternative to CNIs to minimize long term CNI induced nephrotoxicity. SRTR database reported that the use of sirolimus as part of initial maintenance regimen peaked in 2001; however it gradually declined to only 3% of kidney transplant recipients receiving it in 2009. In the same report at 1 year post transplantation, 6.5% of recipients were receiving sirolimus. The declining use of sirolimus can be attributed to the side effects encountered with medication usage.
The unique antitumoral properties of sirolimus, however, make it an attractive option for immunosuppression in patients with post transplant malignancies. Recent study reported by Euvrard et al (Tumorapa study) has shown that sirolimus conversion has provided protection against recurrence of skin cancers in patients with squamous cell carcinomas of the skin post transplant. [35] 
Mechanism of action
Similar to CNIs sirolimus binds to cytoplasmic protein FKBP-12 to mediate its action. The sirolimus/FKBP-12 complex then inhibits mTOR (mammalian target of rapamune). This enzyme is a kinase that plays a key role in cell cycle progression (G1-S transition). Blocking mTOR has a profound effect on inhibiting T-cell proliferation and expansion. mTOR is expressed ubiquitously so the antiproliferative effects of sirolimus is not limited to lymphocytes and attributes to several adverse effects of the drug which are detailed below.
The anti-tumor effect of sirolimus is mediated by inhibiting the PI3K-AKT pathway which plays a critical role in cell proliferation, survival, migration and angiogenesis. [36] In addition it inhibits growth of endothelial cells and tumor angiogenesis by interfering with synthesis of vascular endothelial growth factor.
Clinical use
Sirolimus has a long half life of 60 to 70 hours so consideration is needed when initiating the drug or making dose adjustments. Usually patients receive a loading dose of 3-15mg followed by once daily dosing of 1-5mg per day. The loading and maintenance dose are generally determined by patient weight and immunologic risk. The dose is then adjusted based on drug levels. Therapeutic drug monitoring is routinely used with sirolimus. It is recommended to check 24 hour trough levels several days after initiation or dosage adjustment of sirolimus since it takes longer to achieve a steady state.
The drug is available as oral tablet at 0.5mg, 1mg and 2mgs dose. In addition there is also liquid formulation with strength of 1mg/ml. It is metabolized by CYP3A and hence dose needs to be adjusted in liver disease, but not in renal impairment.
Metabolism and drug interactions
As both sirolimus and CNIs are metabolized by CYP3A enzyme pathway, concomitant use of both agents can increase exposure to sirolimus 2 to 3 fold. It is generally recommended that sirolimus be administered a few hours after CNI dosing. Similar to CNIs, it interacts with drugs that induce and block the CYP3A pathway. Sirolimus is not renally excreted so dose adjustment is not needed in renal failure. However dose adjustment is recommended in patients with hepatic dysfunction.
Adverse reactions
Sirolimus is considered to be less nephrotoxic than CNIs, however there are some unique renal side effects related to its use. Sirolimus potentiates CNI nephrotoxicity and can be tubulotoxic leading to hypomagnesemia and hypokalemia. De novo development of proteinuria, or exaggeration of preexisting proteinura is seen with conversion to sirolimus. [37] Use of sirolimus is in fact contraindicated if patient has 24 hour urine protein exceeding 1 gram/day. Sirolimus has been reported to have a direct toxic effect on podocytes. [38] [39] Sirolimus associated cast nephropathy has been reported as well. [40] Thrombotic microangiopathy has also been observed with sirolimus use, likely mediated by its inhibition of VEGF pathway. [41] The discontinuation rate of Sirolimus was as high as 30% in clinical studies due to adverse reactions. [42] [43] [44] Use of sirolimus is not recommended immediately after transplant surgery as sirolimus impairs wound healing (by inhibiting fibroblast proliferation). Sirolimus can increase the risk of lymphocele formation and is also associated with prolonged recovery from delayed graft function. [45] . Due to its effects on tissue repair, sirolimus is generally stopped few weeks prior to any anticipated elective surgery. Metabolic side effects of sirolimus include hyperlipidemia and hyperglycemia. Sirolimus use is also associated with non-infectious atypical pneumonitis. Bactrim is typically prescribed for one year as there are studies observing fatal pneumocystis pneumonia with sirolimus use. Sirolimus also suppresses bone marrow leading to cytopenias. Cell counts should be closely monitored especially when used in combination with MMF.
Patients also can develop oral ulcers with this agent. 
Everolimus
There are recent studies on use of everolimus in kidney transplant recipients. [46] It is similar to sirolimus in terms of mechanism of action and side effect profile. The only major difference from sirolimus is its shorter half life.
Corticosteroids
Since the early 1960's, corticosteroids were used in kidney transplantation both as maintenance agents and to treat acute rejections. [47] [48] [49] . Corticosteroids down-regulate cytokine gene expression through interference with transcription. Since they are lipophilic they first translocate into cytoplasm and bind to receptors. The steroid -receptor complex then translocates to the nucleus to bind to glucocorticoid responsive elements on DNA to regulate transcription. By dampening cytokine production they blunt the immune response generated by T cells. Long-term steroid use is associated with several adverse effects including hypertension, new onset diabetes after transplantation, osteoporosis, fractures, hyperlipidemia, growth retardation, weight gain, avascular necrosis, cataracts, cosmetic changes, depression, and psychotic behavior. With the advent of potent maintenance and induction agents the transplant community is now moving more and more towards steroid sparing strategies.
Leflunomide
Leflunomide is used for maintenance immunousppression especially in patients with BK nephropathy. [50, 51] It has both imunosuppressive properties and antiviral activity against BK. It blocks pyramidine synthesis in lymphocytes. The common adverse effects with its use are GI toxicity and neuropathy. There are no major drug interactions with leflunomide.
Alternative maintenance regimens
Different immunosuppressive strategies and protocols have evolved over time to address several major concerns with maintenance regimens. Major concerns include the long term side effects of chronic steroid use, as well as long term calcineurin nephrotoxicity which contribute to decreased long-term graft survival. Protocols that have been studied and published include steroid withdrawal and avoidance, as well as studies where calcineurin use is avoided, minimized or replaced with other agents.
Steroid withdrawal/avoidance (SAW)
Steroid withdrawal typically involves discontinuing steroids several months post transplantation whereas steroid avoidance involves no corticosteroid maintenance at all and only a brief exposure to steroids in the immediate post operative period. Studies demonstrate that early steroid withdrawal is safer than late withdrawal as late withdrawal was associated with increased risk of acute rejections. [52, 53] A recent meta-analysis of 34 randomized controlled studies using SAW regimens published by Knight et al concluded that SAW is associated with increased risk of acute rejection, however this did not impact long term patient or graft survival. [54] There is a more favorable cardiovascular profile with SAW most likely secondary to decreased incidence of hypertension, new onset diabetes and dyslipidemia. As many studies have shown increased risk of acute rejections with SAW it is generally implemented with caution in high immunologic risk recipients (high PRA, repeat transplants, young African American recipients, patients with prior rejections and/or unstable graft function). With use of more potent induction regimens more US centers are currently implementing SAW in immunologically low risk recipients.
Calcineurin inhibitor avoidance/minimization/withdrawal
Several studies have looked at minimizing exposure to CNIs to over come nephrotoxicity. Complete calcineurin avoidance with de novo use of sirolimus has not been successful and was associated with higher incidence of rejections and graft loss. [43] . Due to this, more centers and studies have favored calcineurin minimization and withdrawal (at 3 to 6 months post transplant) as opposed to complete avoidance. The ELITE-symphony trial was a land mark trial comparing different regimens of calcineurin minimization and withdrawal demonstrating better allograft outcomes at three years of follow up in patients on low dose tacrolimus (in addition to steroids and MMF) than standard dose cyclosporine, reduced dose cyclosporine or low dose sirolimus as primary maintenance agent. [44] A recent meta-analysis evaluating calcineurin minimization strategies concluded that calcineurin minimization decreases rates of graft failure, incidence of delayed graft function, and new onset diabetes post transplant while avoiding an increased risk of acute rejection. [55] .
Antirejection therapies
Rejection is a common problem with renal allografts, and can be of cellular (lymphocyte) and/ or humoral (circulating antibody) origin. It is well known that if acute rejection is left untreated, eventually graft failure ensues. Rejection can be acute or subclinical. Acute rejection is clinically evident and often presents as a decline in kidney function associated with a rise in creatinine and classic histologic changes seen on renal biopsy. On the other hand, subclinical rejection is subtle; where histologic changes of rejection may be present in grafts that otherwise appear to have stable renal function. Immunosuppressive management for subclinical rejection has not been well delineated. [56] [57] [58] Finally, rejection may be mixed and have both cellular and humoral components.
Overall the incidence of acute rejection post-transplant has decreased. However, survival of allografts has not increased to the extent predicted, mostly due to the universal development of chronic allograft dysfunction and late graft loss. Chronic allo-immune injury has been recognized as a major contributor to late graft loss and can present early on in transplantation as demonstrated by several protocol biopsy studies. [59, 60] Compared to cell-mediated rejections, humoral rejection and chronic rejection can be challenging to treat. In addition, the optimal treatments for humoral rejection, subclinical rejection and chronic rejection have yet to be defined by the transplant community..
Treatment of cellular rejection
Acute cellular rejection is a T-cell-mediated process, is usually easy to treat, and responds well to therapy. T-cell directed induction therapies, and calcineurin maintenance has substantially decreased the overall incidence of cell-mediated acute rejections. Low grade cellular rejection with out vascular involvement is treated with high dose, intravenous steroids. The dose and duration of treatment with corticosteroids has not been well defined by studies, and is often left to physician discretion. Thymoglobulin in combination with steroids is used to treat severe and high grade acute cellular rejections with a vascular component. Although Thymoglobulin is most widely used for high grade cellular rejections, there are small case series and small studies that favor the use of alemtuzumab for treatment of cellular rejections. [61] 
Treatment of humoral rejection
Humoral rejection mediated by alloreactive B-cells, alloantibodies and complement are more challenging to treat. Humoral rejection is often refractory to treatment and continues to be a significant problem in transplantation due to difficulties in establishing a consensus for safe optimal treatments directed against allosensitization and alloantibody production. Humoral responses also greatly contribute to late acute graft losses and the development of chronic rejection. [62] Humoral rejection has been linked to the presence of donor specific antibody and activation of complement resulting in C4d deposits in renal tissue. Therapeutic strategies have been aimed both at removing alloantibodies as well as decreasing alloantibody production by impairing and/or depleting B-cells. [63, 64] The best known treatment algorithms to treat antibody mediated rejection include combinations of plasma exchange to remove donor-specific antibody, and/or intravenous immunoglobulins and the anti-CD20 monoclonal antibody (rituximab) to suppress donor-specific antibody production. [65, 66] There are no randomized controlled trials powered to show efficacy or safety of potential different combinations of these different therapeutic strategies. Some side effects of plasmapheresis include hypotension, citrate induced hypocalcemia, complications with access placement, and infections due to removal of immunoglobulins. Adverse reactions of IVIG include anaphylactoid reactions, fevers, chills, flushing, myalgias, malaise, headache, nausea, vomiting, dilutional hyponatremia, pseudohyponatremia, hemolysis and neutropenia. See previous section on Rituximab for side effects.
Bortezomib continues to be a promising agent for acute humoral rejection because of its ability to target multiple pathways involved in B-cell activation and antibody production and its direct activity against CD138+ long lived plasma cells that exist in survival niches such as the bone marrow and spleen. [67] These cells, primarily responsible for producing high affinity alloantibody, are not targeted by Rituximab, the current mainstay treatment for humoral rejection. [68, 69] Initial reports on Bortezomib were in patients with AMR that were refractory to traditional anti-humoral therapies, but recent reports show that Bortezomib can be used as primary therapy for AMR. [70] In terms of its ability to decrease the levels of donor specific antibodies in sensitized patients and patients with AMR, studies have provided mixed results. [71, 72] Part of this may be secondary to differing conditioning regimens that accompany the use of Bortezomib. Another important finding reported by two studies is the differential responses of early versus late AMR after treatment with Bortezomib, with early AMR responding much better than late. [25] 
Treatment of mixed rejection
Rejection may be mixed and have both cellular and humoral components. To date, there are no randomized control studies evaluating different therapies for the treatment of mixed rejection. Case series and small studies suggest that choosing a biologic agent that has activity against both T-cell and B-cell activity would be more favorable. Agents that have broad based activity such as Campath or Bortezomib may be better choices, than T-cell directed agents such as rATG. Plasmapharesis and IVIG may also be added therapies, especially if there is the presence of circulating donor specific antibody. Unfortunately, trials evaluating different combinations of these therapies or head to head comparison of these biologic agents do not exist.
Novel immunosuppressive agents
Given substantially decreased rates of acute rejection secondary to potent induction agents and CNI based maintenance regimens, the focus has shifted away from acute rejection to preserving grafts for the long-term. However, many studies are still focused on short term outcomes and there are very few studies looking at which drugs or combinations thereof offer better long term graft function.
Long term graft preservation may be particularly challenging given the nephrotoxic effects of CNIs on allografts. To address this issue, a number of novel agents are undergoing trials currently as a replacement to CNIs. [73] Several biologic agents and fusion proteins have emerged and unfortunately many of these agents have been discarded after preliminary trials due to their toxicity. In addition there are several trials focusing on tolerogenic protocols to avoid use of long term immunosuppression. Table 4 below summarizes the new agents that are currently undergoing clinical trials. Belatacept discussed below, is a newer biologic agent that has been studied the most extensively.
Belatacept
Belatacept is a recombinant fusion protein with an extracellular domain that consists of human cytotoxic T lymphocyte antigen-4 (CTLA-4) and the Fc fragment of human IgG. The fusion protein Belatacept (CTLA-4Ig) blocks the interaction of CD80/86 present on antigen presenting cells (APC), with the CD28 receptor expressed on T cells. CD80/86 are costimulatory molecules that are necessary for providing costimulation and full activation of T-cells, a requirement for T-cell cytokine production and expansion. The most exciting feature of CTLA4Ig is its known ability to generate immune tolerance particularly in animal models of transplantation and autoimmunity. [74, 75] Whether tolerance can be generated in vivo in humans, however remains to be seen.
Phase 1 Maintenance
Humanized antibody against CD40 on antigen presenting cells
ASKP1240

Phase 2 Maintenance
Inhibitor of the JAK -STAT pathway. Belatacept is a relatively new agent used in human transplantation with the first report of its use in human renal transplantation in 2005. The focus of clinical investigative trials utilizing belatacept was to provide a new effective maintenance regimen that would allow for the avoidance of the renal and metabolic side effects of chronic CNI use. Studies such as the BENEFIT and BENEFIT-EXT trials demonstrate its efficacy as a maintenance agent in place of calcineurin inhibitors. [76] The three year follow up data of BENEFIT where belatacept was compared to cyclosporine concluded that patient and graft survival were comparable with better GFR in the belatacept arm. There was however increased incidence of acute rejection and early post transplant lymphoproliferative disease in the belatacept group (especially in EBV sero negative patients). For this reason, belatacept use is approved only for patients who are EBV seropositive. The cost and long term need for intravenous administration of the drug appear to be major obstacles for wide spread use of belatacept. Nevertheless, it still provides a valuable alternative to long term CNI use.
Blocks T -cell activation
Conclusion
Establishing optimal immunosuppressive regimens involves maintaining a delicate balance between over-immunosuppression which increases infection risk and under-immunosuppression which increases risk of allograft rejection. Use of potent induction agents and maintenance therapies that include CNI has led to dramatic decrease in the incidence of acute rejection episodes in the immediate post transplantation period. However, late allograft loss and long-term graft survival are problems that persist despite better immunosuppression. Chronic CNI toxicity, humoral rejection and the development of chronic alloreactivity to donor allograft tissue are major contributing factors to late graft loss.
One challenge with current maintenance regimens is the toxicity related to long term CNI use. Steroid avoidance/withdrawal protocols continue to be evaluated and are being implemented successfully at some centers. Rapamune has been studied in several trials as a CNI sparing agent, but has not gained wide acceptance due to its side effect profile. The predominant trend in recent clinical trials is to find a long term alternative agent to replace CNI. Belatacept was recently approved by the FDA for use as maintenance agent and appears to be a promising alternative to long term CNI use. However, the majority of centers lack experience with belatacept and long term outcome data is lacking.
Other challenges include the rising percentage of sensitized patients on the transplant wait list. Strategies to offer transplantation to these highly sensitized recipients include transplantation against a positive cross match donor, paired kidney exchange and aggressive desensitization to lower alloantibody titers. Immunosuppressive protocols aimed at successfully transplanting sensitized recipients continue to be investigated as these patients present a special immunologic challenge. Sensitized patients are at increased risk of developing antibody mediated rejection and earlier graft loss post-transplant. Several new agents like bortezomib and eculizumab are currently being tested in these patients.
Finally, the optimal immunosuppressive strategy would ideally be one which promotes the development of tolerance to alloantigens such that immunosuppression can be withdrawn successfully. The development of tolerance is certainly possible as the literature supports incidental cases of operational tolerance, where recipients are on minimal or no immunosuppression without evidence of allograft rejection. Currently, the majority of patients will require life long immunosuppressive therapy. Basic mechanisms promoting tolerance are being investigated with the hope that new medications or tolerogenic protocols may be implemented in the near future.
